Satellite RNA of bamboo mosaic potexvirus (satBaMV), a single-stranded positive-sense RNA encoding a nonstructural protein of 20 kDa (P20), depends on bamboo mosaic potexvirus (BaMV) for replication and encapsidation. A full-length cDNA clone of satBaMV was used to examine the sequences required for the synthesis of potexvirus subgenomic RNAs (sgRNAs). Subgenomic promoter-like sequences (SGPs), 107 nucleotides (nt) upstream from the capsid protein (CP) gene of BaMV-V, were inserted upstream of the start codon of the P20 gene of satBaMV. Insertion of SGPs gave rise to the synthesis of sgRNA of satBaMV in protoplasts of Nicotiana benthamiana and leaves of Chenopodium quinoa when coinoculated with BaMV-V genomic RNA. Moreover, both the satBaMV cassette and its sgRNA were encapsidated. From analysis of the SGPs by deletion mutation, we concluded that an SGP contains one core promoterlike sequence (nt ؊30 through ؉16), two upstream enhancers (nt ؊59 through ؊31 and ؊91 through ؊60), and one downstream enhancer (nt ؉17 through ؉52), when the transcription initiation site is taken as ؉1. Site-directed mutagenesis and compensatory mutation to disrupt and restore potential base pairing in the core promoter-like sequence suggest that the stem-loop structure is important for the function of SGP in vivo. Likewise, the insertion of a putative SGP of the BaMV open reading frame 2 gene or a heterologous SGP of potato virus X resulted in generation of an sgRNA. The satBaMV cassette should be a useful tool to gain insight into sequences required for the synthesis of potexvirus sgRNAs.
The production of subgenomic RNAs (sgRNAs) is one of the strategies by which internally located open reading frames (ORFs) of multicistronic RNA virus may be expressed and regulated during replication. The capsid proteins (CPs) of alpha-like superfamily viruses are expressed by sgRNA transcription (24) . The proteins encoded by the triple gene block of potex-, carla-, furo-, and hordeiviruses and the movement proteins of tobamo-and tombusviruses are also expressed by the same strategy (24) . Several mechanisms are proposed for the transcription of sgRNAs. The first is leader-primed transcription, which occurs in the production of coronavirus sgRNAs. This process involves fusion of noncontinuous sequences from the 5Ј leader sequences to the sgRNA by a discontinuous process (14) . Recently, a new model for coronavirus transcription was proposed. This model predicts that subgenome-length negative strands containing the common 5Ј leader sequence were directly derived from genome RNA and served as a template for the production of sgRNA (27) . The second mechanism proposed for transcription of sgRNAs is exemplified by transcription of RNA-mediated trans-activation. A 34-nucleotide (nt) trans-activator on red clover necrotic mosaic virus RNA2 was proposed to bind to the element upstream of the sgRNA initiation site on RNA1 and to prevent the synthesis of full-length minus-strand RNA1. This truncated minus-strand RNA1 may serve as a template for viral RNA-dependent RNA polymerase (RdRp) to produce the sgRNA (31) . Another mechanism proposed is suitable for most plant viruses, as exemplified by brome mosaic virus (BMV). SgRNA transcription is directed by subgenomic promoter-like sequences (SGPs), located 100 to 200 nt upstream of the start codon of ORFs in the minus-strand template, and recognized by the viral RdRp (24) . In some cases, additional long-distance RNA-RNA interactions between the SGP sequence and the 5Ј terminus are required for the genomic and sgRNA accumulation (13, 41) .
The SGPs of BMV (8, 25, 32) and alfalfa mosaic virus (AMV) (33, 34) have been extensively characterized in vivo and in vitro. All of these SGPs contain a "core promoter," which is the minimum number of sequences required for the synthesis of the sgRNA, and several "enhancers," which modulate the function of the core promoter. In addition, RdRp complexes of BMV (8) and AMV (34) have been shown to bind initially to two internal sites on the minus strand of RNA3 for sgRNA synthesis. Recently, sgRNA initiation has been studied on the small template of minus-strand BMV RNA3, using purified viral RdRp complexes, which suggests that recognition of the SGP by the BMV RdRp is sequence specific (1, 30) . However, the secondary structure of the SGP may also facilitate efficient sgRNA transcription in vivo (1) .
For the potexvirus group, two major sgRNAs of about 1.9 to 2.1 kb and 0.9 to 1.0 kb in size, which direct the expression of the ORF2 protein and the CP, respectively, were detected in the infected cells (7, 11, 15, 37) . Another bicistronic sgRNA of 1.4 kb, which was responsible for the translation of ORF3 and ORF4 proteins, accumulated at a very low level in the infected cells (36) . Alignment of the putative SGPs of ORF2 protein and CP among potexviruses revealed that the conserved octanucleotide motif (3Ј-CAAUUCAA-5Ј) was located upstream from the transcription initiation sites of the sgRNAs (12, 15, 37) . However, the nucleotide sequences and the spacing between the transcription initiation site and the octanucleotide motif vary among potexviruses (12, 15) . It has been shown that complementarity between the conserved octanucleotide sequence and the 3Ј terminus of minus-strand potato virus X (PVX) RNA is important for the synthesis of sgRNA (13) . Mutations that reduced the complementarity affected the viral RNA replication and accumulation of sgRNA (12, 13) .
Bamboo mosaic potexvirus (BaMV) contains a singlestranded positive-sense RNA genome of 6.4 kb and belongs to the alphavirus-like superfamily (21, 40) . The genome of BaMV contains five common ORFs (21, 40) . ORF1 encodes a putative RdRp of 155 kDa (19, 21) . ORF2 to ORF4, which code for triple gene block proteins of 28, 13, and 6 kDa (21, 40), respectively, are required for viral cell-to-cell movement (3, 39) . The product of ORF5 is the CP of 25 kDa (15) . A satellite RNA (satBaMV) was found to be associated with the BaMV-V isolate (22) . The satBaMV is a linear molecule of 836 nt and encodes a 20-kDa protein (P20) (22) . The ORF of P20 is not essential for satBaMV replication and can be replaced with a chloramphenicol acetyltransferase (CAT) reporter gene to express the CAT protein in coinoculated plants (23) .
In this study, we used the satBaMV cassette to examine the sequences and structures required for the syntheses of potexvirus sgRNAs. The insertion of the putative SGP of the 1.0-kb sgRNA of BaMV into the satBaMV cassette resulted in a new abundant sgRNA of satBaMV. By analyzing the SGP activities of various mutants, the core promoter-like and enhancer-like sequences of the 1.0-kb sgRNA were mapped. The generation of an sgRNA of satBaMV was also confirmed by the insertion of the putative SGP of the 2.0-kb sgRNA or by a heterologous SGP of PVX by primer extension. The satBaMV cassette provides a useful tool for the analysis of sequences or structures required for the synthesis of potexvirus sgRNAs.
MATERIALS AND METHODS
Plasmid construction. Plasmid pBSF4 is a full-length cDNA clone of satBaMV with a T7 RNA promoter at the 5Ј end as previously described (23) . pICF4 was constructed by insertion of 107 nt upstream of the start codon of the CP gene of BaMV-V into the start codon of the P20 gene of pBSF4 (Fig. 1A) . The DNA fragments corresponding to the putative SGP of the CP gene were amplified from pBa19 (40) by PCR using primers B43 (5Ј-TATCCACGACGTTGGAAA TAATAATAAAC) and B44 (5Ј-CGCCCATCGTCCTGGCTTTAGTGTTTAA TT). After digestion with BstXI, the fragments were inserted into BstXI-cut pBSF4 to generate pICF4.
Plasmids pICN9, pICN18, pICN36, and pICN54 are modified forms of pICF4 with the addition of the N-terminal 9, 18, 36, and 54 nt of the CP gene (40) , respectively ( Fig. 2A ). They were constructed by site-directed mutagenesis using a double-PCR method (4) . For the construction of pICN18, the first PCR fragment was synthesized from the pICF4 template by primers IC2 (5Ј-AATTA AACACTAAAGATGTCTGGAACTGGAACGATGGTTCGGAGGAGA) and BS26 (5Ј-CCTTCTCGAGTCAACTGGTTGGCGCACG) followed by the second PCR using pICF4 as a template with primer BS19 (5Ј-TGCCTGCAGT AATACGACTCACTATAGAAAACTCACCGCAACGA) and the first PCR fragments. The ApaI-and BseRI-digested secondary PCR fragments were ligated with the ApaI-and BseRI-cut pICF4 to generate pICN18. To generate pICN9, pICN36, and pICN54, a similar method was used except that the pICN18 was used as a template and the corresponding primers BSIC23 (5Ј-CCTCCGAACC ATTCCAGACATCTTTAG), BSIC22 (5Ј-CCTCCGAACCATAGTCCCTCGC CCAGTTCCTGTTCCAGTTCCAG) and BSIC21 (5Ј-GACCTTGACCTTGTC CTTGACCCGCTCGACCTTGACCACGCCCTCCGTACCAAGCCTCC) were used instead, respectively. pIC3, pIC4, and pIC5 are the 5Ј end deletion mutants of pICN18 deleted from nt Ϫ91 to Ϫ8, Ϫ91 to Ϫ31, and Ϫ91 to Ϫ60, respectively, with the transcription initiation site taken as ϩ1 (Fig. 3B) . pIC2 retained only the Ϫ30 to ϩ3 sequences of the putative SGP of 1.0-kb sgRNA (Fig. 3B) . pIC8-C/C, pIC9-G/G, pIC10-G/C, and pIC14-CCC are the stem-loop 2 (SL2) stem region mutants of pICN18 obtained by replacing the GGG (at positions Ϫ9 through 11)/CCC(Ϫ24 through Ϫ26) with GGC/CCC, GGG/GCC, GGC/GCC and CCC/CCC, respectively (Fig.  4A) . pBSIC7 is the SL2 loop region mutant of pICN18 in which the conserved octanucleotide motif 3Ј-CAATTCAA-5Ј is changed to 3Ј-CCTAAATA-5Ј in the minus strand (Fig. 4A) . The DNA fragments corresponding to the SGP mutants were amplified from pICN18 by double PCR as described for pICN18, except that the corresponding primers were as follows: BSIC24 (5Ј-GTGTTTAATTT ACAAACACGTCGTGGTAAGCGTC) was used for pIC3; BSIC4 (5Ј-AAAC TTAACAAACCCTAGCCGTCGTGGTAAGCGTC) was used for pIC4; BSIC5 (5Ј-GGTAGCAGTTGCCTCTCGTCGTGGTAAGCGTC) was used for pIC5; BSIC7 (5Ј-TAATTTACAAACAAGGGAAATAAATCCAAACCTAGCTGG AG) was used for pIC7; BSIC8 (5Ј-GTTTAATTTACAAACAAGGCAAACTT AACAAACCCTAG) was used for pIC8-C/C; BSIC9 (5Ј-CAAGGGAAACTTA ACAAAGCCTAGCTGGAGGTAG) was used for pIC9-G/G; and BSIC14 (5Ј-GTGTTTAATTTACAAACAACCCAAACTTAACAAACCCTAG) was used for pIC14-CCC. To generate pIC2 and pIC10-G/C, the pIC4 and pIC9-G/G plasmids were used as templates, respectively. Their corresponding primers were BSIC18 (5Ј-CTCCTCCGAACCATGTTTACAAACAAGGGAAAC) for pIC2 and BSIC10 (5Ј-GTTTAATTTACAAACAAGGCAAACTTAACAAAGCCT AG) for pIC10-G/C. pICORF2 and pICPVX were constructed by insertion of the putative SGPs of the ORF2 gene of the BaMV-V or of the CP gene of PVX just before the start codon of the P20 gene of pBSF4 (Fig. 5A) . The DNA fragments corresponding to the putative SGPs of the ORF2 gene of BaMV-V were amplified from pBa19 (40) using primers BSICORF2-1 (5Ј-TATCCACGACGTTGGCTTTCCATTA CCAAAC) and BSICORF2-2 (5Ј-CGCCCATCGTCCTGGTTAGTTATTAAA CTAA) or for the CP gene of the PVX-Taiwan strain amplified from pPVX-T (Y. H. Hsu, unpublished data) using primers BSICPVX-1 (5Ј-TATCCACGAC GTTGGAATCAATCACAGTG) and BSICPVX-2 (5Ј-CGCCCATCGTCCTG GCTTTCGAGTATCAATG) by PCR. After digestion with BstXI, the corresponding fragments were inserted into the BstXI site of pBSF4 to generate pICORF2 or pICPVX.
For all the constructs, the DNA sequences flanking the inserted or replaced fragment were confirmed by sequencing.
Virus purification and viral-RNA extraction. BaMV-L is an isolate derived from BaMV-V and is free of satellite RNA (22, 23) . Purification of BaMV virions from infected Chenopodium quinoa and extraction of viral RNA were previously described (17, 19) . The purified RNAs were dissolved in sterile distilled water, quantitated by UV absorption, and stored at Ϫ150°C until use.
Protoplast and plant inoculation, RNA extraction, and Northern blot analyses. Preparation and RNA inoculation of protoplasts from Nicotiana benthami- ana or barley (Hordeum vulgare L. "Laker") were as previously described (18) . For each inoculation, protoplasts of 2 ϫ 10 5 cells were inoculated with 1.0 g of BaMV-L RNA only or coinoculated with 1.0 g of satBaMV transcripts by the polyethylene glycol method (18) . Coinoculation of C. quinoa plants with BaMV-L and satBaMV mutants was also as previously described (22, 23) except that each inoculum contained a mixture of 0.1 g of BaMV-L RNA and 0.1 g of satBaMV transcripts per leaf. Total RNA extraction, glyoxylation, and Northern blot analyses were carried out as previously described (23) . Extraction of mRNA from total RNAs was according to the instructions of the Straight A's mRNA isolation system (Novagen). For Northern blot analyses, genomic and satBaMV RNAs were detected by 32 P-labeled probes specific for the 3Ј end of genomic RNA (20) and satBaMV RNA (23), respectively. The hybridized membranes were exposed by PhosphorImager (Molecular Dynamics) and quantified by ImageQuant, version 3.3 (Molecular Dynamics).
Primer extension and DNA sequencing. Primer extensions were performed using total RNAs extracted from leaves of C. quinoa or using mRNA extracted from infected protoplasts of N. benthamiana as templates. Total RNA or mRNA was annealed with primer B56 (sequences complementary to nt 5631 through 5647, the CP region of the BaMV-V isolate) (40) or primer BS9 (sequences complementary to nt 338 through 352, the P20-coding region of satBaMV) (22) . For all experiments, 500 pM primer was mixed with 5-l RNA samples extracted from 5 mg of C. quinoa leaves or from 4 ϫ 10 5 protoplasts. Primer extensions were carried out as previously described (15) . Extension products were analyzed on 6% polyacrylamide-7 M urea gel containing 0.5ϫ TBE (133 mM Tris-HCl [pH 8.3], 44 mM boric acid, and 2.5 mM EDTA) and exposed by PhosphorImager. The DNA sequences were determined by the chain termination procedure, using Sequenase, version 2.0 (Amersham). 
FIG. 2. Schematic diagrams of pICF4 mutants (

RESULTS
Transcription of sgRNA via satBaMV cassette. To explore the possibility of sgRNA being transcribed from the satBaMV cassette, a full-length satBaMV-derived cDNA clone, pICF4, was constructed, in which the putative SGP of the BaMV CP gene with 107 nt was inserted just before the start codon of the P20 gene of satBaMV (Fig. 1A) . This putative SGP contains the whole intercistronic region of 41 nt between ORF4 and ORF5 of BaMV-V (40) and its upstream sequences extended downstream of the first AUG, thus avoiding the possible interference of ORFs from the expression of the P20 gene in pICF4 satBaMV. The 5Ј end of the putative SGP lies within the C-terminal coding region of ORF4 and contains multiple stop codons. The activity of the SGP was analyzed by coinoculation of barley protoplasts with BaMV-V genomic RNA (designated BaMV-L RNA and free of satBaMV) and pICF4 transcripts. Protoplasts inoculated with BaMV-L RNA alone or coinoculated with wild-type pBSF4 transcripts were used as controls. Protoplast samples were harvested every 8 h postinoculation (h.p.i.), and total RNA was extracted. Northern blot analyses with the BaMV-specific probe revealed that all of the genomic RNAs accumulated to similar levels regardless of whether the inocula contained the satBaMV transcripts, indicating that the presence of the satBaMV transcripts did not significantly affect helper virus replication (Fig. 1B) . Genomic RNAs were first detectable at 8 h.p.i., quickly increased from 8 to 16 h.p.i., and further continued to increase to 24 h.p.i. This pattern of increasing accumulation was also observed for pBSF4 and pICF4 by the satBaMV-specific probe (Fig. 1C ). An additional RNA about 0.7 kb in length, presumably transcribed from the functional SGP, was detectable at 8 h.p.i. but increased greatly by 24 h.p.i. in pICF4 coinoculated protoplasts (Fig. 1C, lanes 7 through 9) . No such RNA was detectable in the protoplasts coinoculated with pBSF4 transcripts (Fig.  1C, lanes 4 through 6) . It should be noted that the level of satBaMV decreased when sgRNA was expressed (Fig. 1C,  lanes 7 through 9) . When the transcription ratio was determined by the quantity of 0.7-kb sgRNA transcribed over its satBaMV RNA, the transcription ratio of ICF4 was only 4% at 8 h.p.i., increased to 40% at 16 h.p.i., and reached a level of 70% at 24 h.p.i. (Fig. 1C) .
When the same experiment was performed with C. quinoa plants and the leaves were harvested every 3 days postinoculation (d.p.i.), results similar to those with protoplasts were obtained ( Fig. 6A and B) . The 0.7-kb RNA detected in proto- plasts was also detectable in C. quinoa leaves when coinoculated with pICF4 transcripts. However, the transcription ratios were higher than those in protoplasts, reaching levels of 90, 110, and 80% at 3, 6, and 9 d.p.i., respectively (Fig. 6B, lanes  3, 6, and 9 ). To determine whether the 0.7-kb RNA was encapsidated, viral RNAs were extracted from the purified virions of coinoculated leaves of C. quinoa. As previously shown (15) , in addition to genomic RNA, BaMV-L contained the encapsidated sgRNAs which were detectable by ethidium bromide (EtBr) staining of the agarose gel (Fig. 6C, lane 1) . pBSF4 and pICF4 were also visualized in virion RNA preparations stained with EtBr; however, the 0.7-kb sgRNA was only barely visible (Fig. 6C, lanes 2 and 3) . The encapsidation of pICF4 and 0.7-kb sgRNA was further confirmed by Northern blot analysis with the satBaMV-specific probe (Fig. 6D) . It is interesting to note that this sgRNA was rather poorly encapsidated compared to satBaMV.
Identification of the 5 terminus of the 0.7-kb sgRNA. Presumably, if the 0.7-kb RNA is synthesized via the SGP of 1.0-kb sgRNA in the satBaMV cassette, the 5Ј terminus of 0.7-kb RNA should be identical to that of the 1.0-kb sgRNA, which is located 12 nt downstream from the octanucleotide motif (15; also Fig. 7A, lane 1) . To map the 5Ј terminus of the 0.7-kb RNA, primer extension was performed by using total RNAs extracted from C. quinoa leaves coinoculated with pICF4 transcripts as templates. The primer BS9 (complementary to the P20 gene of satBaMV [ Fig. 1A] ) extended a predominant and a minor product (Fig. 7B, lane 1) . The former was at a position identical to that of the 1.0-kb sgRNA, indicating that the 0.7-kb RNA was indeed transcribed from the SGP in the satBaMV cassette. The minor product, with one nucleotide difference from the predominant one, may have arisen from insertion of a residue complementary to the cap structure as suggested by White and Mackie (38) .
Enhancement of sgRNA transcription by extension of the SGP to the CP coding region. To test whether the extension of the SGP to the coding region of the CP gene can enhance sgRNA transcription, plasmids containing various extensions of SGP toward the CP-coding region were constructed. The first 9, 18, 36, and 54 nt of the CP gene were added downstream of the SGP sequences of pICF4 to make plasmids pICN9, pICN18, pICN36, and pICN54, respectively (Fig. 2A) . The transcriptional activity of pICF4 and its variants was assayed in coinoculated protoplasts of N. benthamiana at 24 h.p.i (Fig. 2B) . In three independent experiments, the transcription ratios of pICN9, pICN18, pICN36, and pICN54 were enhanced to levels that were 118, 127, 230, and 200%, respectively, over that of pICF4 (Fig. 2C) . Similar results for pICN18 were also obtained with inoculated C. quinoa leaves (data not shown).
Deletion analyses of the SGP of 1.0-kb sgRNA. As shown in Fig. 3A , the secondary structure of the minus-strand SGP of 1.0-kb sgRNA was predicted by the STAR computer program. This structure contained four stem-loops (nt Ϫ91 through Ϫ60, Ϫ59 through Ϫ31, Ϫ30 through Ϫ8, and Ϫ7 through ϩ16, designated SL4, SL3, SL2, and SL1, respectively, when the transcription initiation site was taken as ϩ1). SL1 contained the transcription initiation site, and SL2 contained the conserved octanucleotides among the potexviruses. To dissect the functional domain of SGP, four deletion mutants were generated in this region by site-directed mutagenesis (Fig. 3B) . pIC5, pIC4, and pIC3 are mutants containing progressive SGP deletions from the 5Ј end of pICN18, in which SL4 was deleted in 
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SUBGENOMIC PROMOTERS OF POTEXVIRUSESpIC5; both SL4 and SL3 were deleted in pIC4, while SL4, SL3, and SL2 were deleted in pIC3. The pIC2 contained SL2 as well as the truncated SL1 (nt Ϫ8 through ϩ3). The overall structures of these mutated SGP regions were predicted not to change, by the STAR program. When assayed in protoplasts of N. benthamiana at 24 h.p.i., Northern blot analyses revealed that the transcription ratios of pICN18, pIC5, and pIC4, were 66, 38, and 19%, respectively, whereas the transcription of pIC3 and pIC2 had dropped to 8 and 7%, respectively (Fig. 3C and 3E) . The relative transcription levels of pIC5 and pIC4 were 58 and 30% that of pICN18, respectively, while the transcription activities of pIC3 and pIC2 were significantly lower, with levels only 12 and 11% that of pICN18, respectively (Fig. 3E) . Although similar relative transcription levels were also obtained in the coinoculated leaves of C. quinoa at 6 d.p.i., plasmids ICN18, IC5, and IC4 resulted in transcription ratios that were substantially higher in C. quinoa leaves than in N. benthamiana protoplasts in three independent experiments (Fig. 3D and E) . For instance, the transcription ratios in C. quinoa leaves increased to 195% for pICN18, 128% for pIC5, and 68% for pIC4. In summary, the SL1 and SL2 of SGP maintained in pIC4 supported about one-third (30 to 34%) of the activity of pICN18 for sgRNA transcription, and one additional stem-loop in pIC5 supported about two-thirds (58 to 65%) of the activity in vivo. Mutants pIC3, with SL1 only, and pIC2, with SL2 and truncated SL1, both greatly reduced their transcription abilities. These data suggest that SL2 and SL1 are required for functional SGP and that SL3 and SL4 can enhance the sgRNA transcription level.
Mutational analyses of SL2. From the results described above, the stem structure SL2 is essential for sgRNA transcription. Four mutants were constructed in the stem of SL2 (Fig.  4A) . pIC8-C/C, pIC9-G/G, and pIC14-CCC disrupted the stem structure in the SL2 by replacing the GGG (nt Ϫ9 through Ϫ11)/CCC (nt Ϫ24 through Ϫ26) with GGC/CCC, GGG/ GCC, and CCC/CCC, respectively. pIC10-G/C restored potential base pairing, which was disrupted in pIC8-C/C and pIC9-G/G by replacing the GGG/CCC with GGC/GCC. The predicted structures for the site-directed mutants pIC8, pIC9, and pIC14 revealed no existence of SL2 or small SL2 structures but no other stem-loop structures in SGP were altered. However, the SL2 structures were indeed restored in compensatory mutant pIC10.
The transcription ratios of these mutants were analyzed in inoculated protoplasts of N. benthamiana at 24 h.p.i. In three independent experiments, the relative transcription ratios of the base-pairing-disrupted mutants pIC8-C/C, pIC9-G/G, and pIC14-CCC dropped to 27, 25, and 3%, respectively, when compared to the transcription ratio of pICN18. However, the compensatory mutant pIC10-G/C increased to 85% (Fig. 4B  and 4C ). Similar relative transcription levels compared to pICN18 were also obtained in the coinoculated leaves of C. quinoa at 7 d.p.i. (Fig. 4C) .
Since the loop structure of SL2 contains the conserved octanucleotides which are known to be important for potexviruses replication (14, 39) , a plasmid, pIC7, derived from pICN18 was constructed in which the octanucleotide motif 3Ј-CAATTCAA-5Ј in the minus strand was changed into 3Ј-C CTAAATA-5Ј (Fig. 4A) . A transcriptional-activity assay of pIC7 revealed that it exhibited only 9% activity compared with pICN18, both in coinfected protoplasts of N. benthamiana at 24 h.p.i. (Fig. 4B and 4C) and leaves of C. quinoa at 7 d.p.i. (Fig. 4C) . In summary, the SL2 stem-disrupted mutants or octanucleotide mutant significantly decreased the SGP activity whereas the compensatory mutant restored the SGP activity. These data indicate that the conserved octanucleotides in the loop region and the stem structure of SL2 play an essential role in the functional SGP.
Transcription activity of SGP of 2.0-kb sgRNA. In general, the two major 2.0-and 1.0-kb sgRNAs of BaMV were easily detected in the inoculated protoplasts, but the 2.0-kb RNA occurred in much lower levels in the infected plants (15) (see also Fig. 5B) . To assay the transcription activity of the putative SGP of the BaMV 2.0-kb sgRNA, plasmid pICORF2 was constructed in which the satBaMV cassette contained the 130 nt upstream of the start codon of the ORF2 gene (Fig. 5A) . Inoculation of pICORF2 also resulted in the generation of a 0.7-kb sgRNA, with a transcriptional level 20% that of pICF4, when protoplasts were coinoculated with BaMV-L RNA (Fig.  5C, lane 1) . However, this 0.7-kb RNA was only barely detectable in coinoculated leaves of C. quinoa at 6 d.p.i. (Fig. 5C , lane 4) and also at 1, 2, or 3 d.p.i. (data not shown) by Northern blot analysis. This is consistent with our previous data that the 2.0-kb sgRNA accumulated substantially in protoplasts but much less in infected leaves (15) (Fig. 5B, lanes 1 and 4) .
To analyze the transcription initiation site of the 0.7-kb RNA generated by pICORF2, primer extension was performed using total RNA extracted from infected leaves as a template. The primer BS9 extended a product terminating 12 nt downstream of the octanucleotide motif of SGP of the ORF2 gene (Fig. 8A, lane 2) . The position of the product corresponded to the 5Ј terminus of the BaMV 2.0-kb sgRNA as determined by Lee et al. (15) , even though its quantity was only 5% of that of pICF4 (data not shown). This may explain the low accumulation of sgRNA transcribed by pICORF2 in leaves. Primer extension analysis of mRNA extracted from coinoculated N. benthamiana protoplasts showed similar results (Fig. 8A, lane 1) . We concluded that the sgRNA was indeed transcribed by the SGP of the BaMV 2.0-kb sgRNA but was differentially expressed compared with the 1.0-kb sgRNA. Transcription of sgRNA by a heterologous SGP in the satBaMV cassette. The specificity and transcription efficiency of the sgRNA directed by a heterologous SGP were analyzed using the satBaMV cassette. Plasmid pICPVX was generated to carry the putative SGP of the 0.9-kb sgRNA of PVX. pICPVX gave rise to a 0.7-kb sgRNA at a transcription level of 20% of that in protoplasts coinoculated with pICF4 at 24 h.p.i. (Fig. 5C, lane 3) . This 0.7-kb sgRNA was detected at a reduced level in leaves at 6 d.p.i. (Fig. 5C, lane 6) . Analyses of primer extension indicated that the 5Ј terminus of the 0.7-kb RNA mapped 13 nt downstream of the octanucleotide motif (Fig.  8B, lanes 1 and 2) , a position which corresponds to that of the PVX 0.9-kb sgRNA as determined by Kim and Hemenway (12) . Evidently, the heterologous SGP can be utilized in the satBaMV cassette with a reduced efficiency.
DISCUSSION
SatBaMV cassette as an assay system to characterize the SGP in vivo. The mutation of viral RNA in the SGP region has added greatly to our understanding of the mechanism of sgRNA transcription. These mutants may affect the accumulation of gene products of sgRNA and thus interfere with viral replication. For instance, the SGP of AMV was characterized by the duplicated SGPs (34) , and the position of duplicated SGPs may affect sgRNA transcription (5, 6) . Moreover, the SGPs of coronavirus (35) and Sindbis virus (16) were characterized by insertion of SGP into the defective interfering (DI) RNA. The viability and stability of DI RNAs are dependent on the site of insertion or on the developmental stage of the DI RNAs (28) . In this study, we used the satBaMV cassette to characterize the SGP in vivo. The advantages of using the satBaMV system are that (i) the satBaMV can replicate autonomously in the presence of a helper virus, (ii) the satBaMV does not interfere with the replication of the helper virus, and (iii) the satBaMV accumulates at a higher level than the helper virus in the infected cells (15) . To the best of our knowledge, this is the first report that satellite RNA can provide an assay system to characterize SGPs in vivo.
Although sgRNA could be generated via the satBaMV cassette in the coinoculated protoplasts of barley or N. benthamiana and leaves of C. quinoa, the transcription ratio of the satBaMV cassette varied. The SGP of BaMV 1.0-kb sgRNA showed more activity in infected leaves than in infected protoplasts ( Fig. 3D and E) , whereas the SGP of BaMV 2.0-kb sgRNA had an adverse effect (Fig. 5C, lanes 1 and 4) . Of special note in our study, SGP mutants exhibited similar relative-transcription levels to those of the wild-type pICN18 in coinoculated protoplasts and leaves (Fig. 3E) . However, transcripts derived from infectious cDNA clones containing the modified SGP region upstream of the CP gene of PVX showed poor replication in infected plants, even though considerable accumulation of those mutants was observed in the infected protoplasts (12, 13) . This may prove the additional advantage of using the satBaMV cassette to characterize the SGP.
Mapping the SGP of 1.0-kb sgRNA. The secondary structure of the minus-strand SGP of 1.0-kb sgRNA was predicted by the computer STAR program to comprise four consecutive stemloops (Fig. 3A) . The existence of the predicted SL1, SL2, SL3, and SL4 was supported by enzymatic probing with RNase T 1 , RNase T 2 , RNase V 1 , and RNase A (N. S. Lin and C. P. Cheng, unpublished data). The results from satBaMV cassettes carrying the various SGP sequences showed that the sequences between nt Ϫ30 and ϩ16 contained two stable RNA stem-loop structures, SL1 and SL2, required for basal SGP activity (Fig. 3A) . The core promoter of BaMV 1.0-kb sgRNA contains 46 nt. Extension of the SGP to the 5Ј border nt Ϫ59 and Ϫ91 enhanced the SGP activity two-and threefold, respectively. These results are consistent with those found in other alpha-like superfamily viruses which contain some modulated enhancers to stimulate and/or modulate gene expression in addition to the core promoter-like sequences (24) . Similarly, extension of the SGP into the N-terminal 36 nt of the CP gene enhanced SGP activity twofold. Such a downstream enhancer extended into the ORF was known to sgRNAs coding for CP of a number of RNA viruses (2, 10, 29) . The upstream and downstream enhancers of BaMV 1.0-kb sgRNA were located at the coding region of ORF4 and the CP gene, respectively. It is an intriguing question how the genetic information at these locations can be used as a coding region for protein and as a promoter region for sgRNA synthesis.
When the sequences of SL2 were further analyzed by sitedirected mutagenesis, the results showed that the stem-regiondisrupted mutants abolished the SGP activity, whereas the compensatory mutant restored the SGP activity, indicating that the stem structure was important for the SGP-directed sgRNA transcription in vivo. However, the sgRNA transcription of PVX required complementarity between the conserved octanucleotide motif and the 3Ј-terminal sequences of the minusstrand genomic RNA (13) . This long-distance RNA-RNA interaction between the octanucleotide motif and the terminal sequences affected genomic RNA accumulation and the sgRNA transcription (12, 13) . Growing evidence also shows that different functional long-distance interactions occur in a variety of plus-strand RNA viruses for the regulation of sgRNA synthesis (13, 41) . In the pICF4 satBaMV, the octanucleotide motif of SGP may interact with the 3Ј end of minus-strand BaMV genomic RNA in trans (complementarity of 8 nt in the first 11 nt) or with the 3Ј end of minus-strand satBaMV RNA in cis (complementarity of 10 nt in the first 11 nt), which may facilitate the sgRNA synthesis via the RNA-RNA interaction. However, octanucleotide motif mutant pIC7, whose complementarity with the terminus of satBaMV was reduced to 5 bp, resulted in barely detectable sgRNA accumulation (Fig. 4) .
The activity of SGP of 2.0-kb sgRNA. Analyses of the SGP of 2.0-kb sgRNA with the satBaMV cassette showed that its activity is less efficient than that of the SGP of 1.0-kb sgRNA. The positional effect in the genomic RNA can be excluded since we inserted both SGPs into the same position. pICORF2 exhibited significant activity for sgRNA transcription in coinoculated protoplasts (Fig. 5C, lane 1) whereas much less activity was detected in leaves of C. quinoa (Fig. 5C, lane 4) . A consistently detected level was found in 2.0-kb sgRNA in the BaMV-infected protoplasts and leaves of C. quinoa (15) (Fig.  5B, lanes 1 and 4) . The mechanism for the down-regulation of the 2.0-kb sgRNA in infected leaves remains to be further investigated although the secondary structure of the SGP of the 2.0-kb sgRNA predicted by the STAR program revealed a similar structure to that of 1.0-kb SGP. The SL1 and SL2 structures displayed on the 1.0-kb SGP are present in 2.0-kb SGP. The conserved octanucleotide motif and transcription site of the 2.0-kb SGP are also located at the loop region of SL2 and SL1, respectively.
The activity of heterologous SGP in satBaMV cassette. The pICPVX could direct sgRNA transcription by the SGP of PVX 0.9-kb sgRNA in this satBaMV cassette system. This transcription activity was low but significantly above the background (Fig. 5C ). The SGPs of BaMV and PVX share 45% identity in sequence at the 3Ј terminal 40 nt of SGPs. In pICPVX, there also exists a complementarity between the octanucleotide and the 3Ј end of minus-strand satBaMV genomic RNA in cis (complementarity, 10 nt in the first 11 nt); however, the stable stem-loop structures were absent in the SGP of 0.9-kb sgRNA of PVX as predicted by the STAR program. In members of alphaviruses of plant and animal origin, the required nucleotides within the sgRNA promoter for sgRNA synthesis are highly conserved (24, 26, 30) . The RdRp of alphaviruses, such as BMV (30) and Sindbis virus (9) , can utilize the heterologous SGPs of other alphaviruses for sgRNA synthesis. Our results also favor the conserved mechanism of the recognition of RdRp for the synthesis of sgRNAs of alphaviruses.
